Human lactoferrin was produced in genetically engineered rice. N-linked glycan structures of recombinant human lactoferrin were determined. The oligosaccharides liberated by hydrazinolysis were labeled with 2-aminopyridine (PA). The PA-labeled glycans were purified by reverse-phase and size-fractionation HPLCs. The structures of these glycans were identified by HPLC, exoglycosidase digestion, and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. The glycan structures determined were ManFucXylGlcNAc 2 (3.4%), Man 2 Fuc-
Recombinant pharmaceutical proteins have been produced using various genetically engineered systems, such as bacteria, yeast, insect, plant, and mammalian cells. Recently, plant production systems have been studied intensively because they have the following advantages: fast, low-cost scale-up, good stability for indefinite storage periods, post-translational modification compatible with mammalian cells, lack of pathogenic contaminants or other infectious agents for humans and animals, proper folding with biological activity, and maintenance of structural integrity. 1, 2) Many proteins of pharmaceutical interest are glycoproteins, and their glycan moieties play physiological roles. In many cases, protein glycosylation is important for the prevention of immunogenicity of the protein, pharmacological and biological activity, pharmacokinetic profile, solubility, and stability against proteolysis. 3, 4) The glycosylation pattern of proteins is influenced by the type of host cells used as well as by culture conditions. Therefore, it is important to investigate and take into account the specific and stable glycosylation patterns of proteins in their host cells. Glycosylation systems in plants are different from those in mammals. [5] [6] [7] Generally, N-linked oligosaccharides in plants have 1-2-xylose and 1-3-fucose residues, and lack N-acetylneuraminic acids (NeuAcs). At their non-reducing ends, some mammalian N-linked glycans carry NeuAcs and NeuAcs derivatives.
Human lactoferrin (hLF), a member of the transferrin family, is a monomeric glycoprotein with 80-kDa, in milk. It is also known to encompass a broad spectrum of antimicrobial activities against bacteria, viruses, and fungi. Recombinant hLFs have been produced in fungi, 8) BHK cells, 9) baculovirus-insect cells, 10) and transgenic tobacco and maize plants. 11, 12) Large-scale production by recombinant technology can provide hLFs to supplement infant foods.
The potential glycosylation mechanism in dicotyledonous plants has been examined. [13] [14] [15] For large-scale production, monocotyledonous plants are gaining much attention. Maize and rice are typical monocots. Glycan analysis of pharmaceutical proteins produced by maize has been carried out. 12) Recombinant human lactoferrin, lysozyme, and alpha1-antitrypsin have been expressed in rice at very high levels. 16) These recombinant milk proteins had a stability and biological activities similar to those of native milk proteins, suggesting that they retain biological activities when used, 17) but the glycans of recombinant proteins produced by rice have not yet been characterized. It is important to determine the sugar chain structures of glycoproteins in rice, because this information can pave the way for the pharmaceutical utilization of recombinant rice. In this study, we purified recombinant human LF produced in rice plants and determined the sugar chain structures of the recombinant proteins.
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Materials and Methods
Expression system in rice for human LF. The hLF cDNA reported by Powell et al. 18) was screened from a cDNA library of the human mammary gland (Clontech) and subcloned into the plant expression vector. In the resulting plasmid pAFT105, 19) hLF cDNA was driven by the rice seed protein glutelin promoter and terminated by its terminator. The rice cultivar ''koshihikari'' was cotransformed by a particle bombardment method with pAFT105 and pDM302 DNA, which contains the bialaphos resistance (bar) gene as a selective marker. 19, 20) Purification of recombinant human LF from rice. Human LF from rice was purified as described by Anzai et al. 19) Polished rice powder (100 g) was suspended in 1 liter of 50 mM Tris-HCl (pH 7.0) containing 0.5 M NaCl, and human LF was extracted. The solution was centrifuged at 9,000 rpm for 20 min at 4 C, and proteins including human LF were precipitated with ammonium sulfate (70% saturated). After centrifugation at 9,000 rpm for 20 min at 4 C, the resulting pellet was dialyzed against 50 mM Tris-HCl (pH 7.0) containing 0.1 M NaCl, and applied on a CM-Toyopearl M450 column (Tosoh). After the column was washed with 50 mM TrisHCl (pH 7.0) containing 0.1 M NaCl, the human LF was eluted with a linear gradient of 0 to 1 M NaCl in the same buffer. Fractions containing human LF were dialyzed against deionized water, and thereafter the proteins were lyophilized.
Preparation of N-glycan and analysis by HPLC. Sugar chains were released from the purified human LF (10 mg) by hydrazinolysis (100 C, 10 h). After Nacetylation of the hydrazinolysate with saturated sodium bicarbonate and acetic anhydride, the acetylated hydrazinolysate was desalted using Dowex 50 Â 2 (Muromachi Kagaku Kogyo Kaisya), and fractionated on a TSK gel Toyopearl HW-40 (Tosoh) column using 0.1 N ammonia. The oligosaccharides obtained were pyridylaminated as described previously. 21) PA-sugar chains were fractionated on an HPLC apparatus (Hitachi) and monitored by measuring their fluorescence intensities at excitation and emission wavelengths of 310 nm and 380 nm respectively. For reversed-phase (RP-) HPLC using the Cosmosil 5C18-AR column (Nacalai Tesque), the PA-sugar chains were eluted by increasing the acetonitrile concentration in 0.02% trifluoroacetic acid (TFA) linearly from 0 to 6% for 40 min at a flow rate of 1.2 ml/min. For size-fractionation (SF-) HPLC using the Asahipak NH2P-50 4E column (Showa Denko), the PA-sugar chains were eluted by increasing the water content of the wateracetonitrile mixture linearly from 26% to 50% for 25 min at a flow rate of 0.7 ml/min.
Glycosidase digestion and analysis of structures. For -fucosidase digestion, the PA-sugar chains were incubated in 0.05 M sodium acetate buffer (pH 5.45) with 13.8 mU of -fucosidase (bovine kidney; Wako) for 3 d at 37
C. 22) For -mannosidase digestion, the PA-sugar chains were incubated in 0.02 M sodium acetate buffer (pH 4.0) containing 10 mM ZnCl 2 and 10 mU ofmannosidase (almond; Sigma) for 2 d at 37 C. 23) The reactions were stopped by boiling the mixtures for 3 min. After centrifugation at 12,000 rpm for 10 min at 4 C, the supernatant was analyzed by SF-HPLC. The elution positions were compared with those of authentic PA-sugar chains purchased from Takara Shuzo.
MALDI-TOF MS. The molecular masses of PAoligosaccharides were determined by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry using the Voyager DE-Pro mass spectrometer (PerSeptive Biosystems).
Results

Separation of PA-sugar chains from human LF produced in rice
Human LF purified with several chromatographies was used for the glycan structure analysis.
The PA-sugar chains obtained from human LF produced in rice were purified and characterized by a combination of RP-and SF-HPLCs (Fig. 1) . Figure 1 (A) shows several peaks of PA derivatives as analyzed by RP-HPLC. Each collected fraction (1-6) was rechromatographed by SF-HPLC ( Fig. 1(B) ).
MALDI-TOF MS and exoglycosidase digestion showed that peaks 1a, 1b, 1c, 1d, 1e, 2e, 3b, and 6b do not contain N-linked sugar chains. On the other hand, 8 peaks were eluted from SF-HPLC in fractions 2 to 6 (Fig. 1B) . The structures of N-linked glycans are presented in Fig. 2 .
Structural analysis of N-glycans from human LF produced in rice
The molecular mass of N-glycan corresponding to peak 2a (m=z 943.09) agreed well with the calculated mass for ManFucXylGlcNAc 2 -PA (MFX; 942.91). The elution position of the sugar chain on the RP-HPLC chromatogram was identical with that of MFX. These results suggest that the structure of the glycan corresponding to peak 2a should be
GlcNAc-PA (MFX), as shown in Fig. 2 .
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 2b (m=z 973.46) agreed well with the calculated mass for Man 2 Fuc- Oligosaccharides on plant glycoproteins carry 1-3-linked fucose residues, not 1-6-linked fucose. 5) These results suggest that the structure of the glycan corre-
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 2c (m=z 1135.76) agreed well with the calculated mass for Man 3 FucGlcNAc 2 -PA (M3F; 1135.08). -Fucosidase digestion of the N-glycan yielded Man 3 GlcNAc 2 -PA, as analyzed by SF-HPLC. Furthermore, the elution position of the fucosidase digest on the RP-HPLC chromatogram was identical with that of the authentic M3 sugar chain, -
. These results suggest that the structure of the glycan corresponding to peak 2c should be -
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 2d (m=z 1267.85) agreed well with the calculated mass for Man 3 FucXylGlcNAc 2 -PA (M3FX; 1267.19). Its elution position on the RP-HPLC chromatogram was identical with that of M3FX prepared from horseradish peroxidase. 24, 25) The elution position of the sugar chain yielded by almond -mannosidase digestion corresponded exactly to the 3) ] GlcNAc-PA. These results suggest that the structure of the glycan corresponding to peak 2d should be -
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 3a (m=z 1105.34) agreed well with the calculated mass for Man 2 FucXylGlcNAc 2 -PA (M2FX; 1105.05). The elution position of -mannosidase digests on the RP-HPLC chromatogram was identical with that of MFX. Since M2FX has two isomers,
GlcNAc-PA (M2BFX), we prepared these M2FX isomers by partially digesting HRP M3FX with -mannosidase. Shimazaki et al. 26) reported that M2AFX elutes earlier than M2BFX in RP-HPLC. The PA-sugar chain contained in peak 3a showed the same retention time as M2AFX. These results suggest that the structure of the glycan corresponding to peak 3a
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 4a (m=z 1104.69) agreed well with the calculated mass for Man 2 FucXylGlcNAc 2 -PA (M2FX; 1105.05). Its elution position on the RP-HPLC chromatogram was identical with that
27) Furthermore, as described above, M2BFX prepared from HRP M3FX showed the same elution profile as the PA-sugar chain contained in peak 4a and bomelain M2BFX. These results suggest that the structure of the glycan corresponding to peak 4a should be -
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 5a (m=z 1121.61) 
The molecular mass of N-glycans corresponding to the PA-sugar chain contained in peak 6a (m=z 959.18) agreed well with the calculated mass for Man 2 Xyl- These results suggest that the structure of the glycan corresponding to peak 6a should be -D-Man-(1!6)[-
Discussion
Three major glycan structures of human LF were determined:
28)
These structures had mammalian-type sugar residues, such as 2-6-linked NeuAc and 1-4-galactose at the non-reducing ends and 1-6-linked Fuc to the proximal glucosamine of core Man 3 GlcNAc 2 . The biological roles of oligosaccharides in human LF are not yet known.
In this study, we determined eight glycan structures of recombinant human LF produced in rice: MFX (3.4%), M2BF (2.1%), M3F (2.5%), M3FX (42.5%), M2AFX (9.6%), M2BFX (29.5%), M3X (6.5%), and M2BX (3.9%). All these are plant-specific structures containing 1-3-linked fucose and/or 1-2-linked xylose. Until now, recombinant hLF has been produced using tobacco and maize. 11, 12) The extent of hLF glycosylation was determined. In the case of hLF produced in tobacco, 11) monosaccharide analysis indicated that the glycosylation pattern was different from our results. The tobacco hLF carried xylose residues and a lower amount of galactose, but lacked NeuAc, which are found in milk hLF. 29) The results of the monosaccharide analysis and mass spectrometry suggested that the glycan structure of tobacco-produced hLF has the biantennary N-acetyllactosamine-type, but the complete glycan structure was not determined in tobacco. On the other hand, glycan structures of hLF produced in maize have been determined using gas chromatography-mass spectrometry (GC-MS) and MALDI-TOF mass spectrometry. Plant-typical paucimannose structures with xylose and fucose residues were also present. 12) A major structure was M3FX. Furthermore, small amounts of GlcNAc 2 -Man 3 FucXylGlcNAc 2 and GlcNAcMan 3 FucXylGlcNAc 2 were detected. But although the Lewis a -type structure, -L-Fuc-(1!4)[-D-Gal-(1!3)]-R, has been reported among plant glycans, 30) this structure was not observed in hLF produced by rice. The comparison of sugar chain structures between rice and maize are summarized in Table 1 . Rice and maize are monocotyledonous plants. The glycosylation pattern of rice hLF was slightly different from maize's proteins. Since Nacetylglucosamine residues were not detected, glycosylation in rice, including digestion by membrane-bound N-acetylglucosaminidase found in insect cells, 31) appeared to proceed further, resulting in a total loss of sugar chains with N-acetylglucosamine residues at their non-reducing ends followed by -mannosidase digestion. Finally, the sugar chain structures found in hLF produced by rice were indistinguishable from those in glycoproteins produced by other dicots and monocots, [13] [14] [15] suggesting that rice is also a promising system for the production of pharmaceutical proteins. 
